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Hot Wire Chemical Vapor Deposition (HWCVD) is an emerging technology in 
semiconductor materials thin film deposition due to the high growth rates and reasonable 
electronic properties attainable using this method. To improve the electronic characteristics 
of material grown by the HWCVD method, neutral ion bombardment during growth was 
introduced as it is shown to be beneficial in Plasma Enhanced Chemical Vapor Deposition 
(PECVD). Neutral ion bombardment was accomplished by using remote Electron Cyclotron 
Resonance (ECR) plasma and the entire deposition technique is termed ECR-HWCVD. The 
ECR-HWCVD films were compared to HWCVD materials deposited without ion 
bombardment grown at similar conditions in the same reactor using a 10.5 cm filament to 
substrate distance to minimize substrate heating by radiation during deposition. The growth 
rate is halved when ion bombardment is added to HWCVD, however it remains four times 
greater than the highest quality ECR-PECVD films. Also, ECR-HWCVD material exhibited 
better electronic properties as shown by Urbach energy, photosensitivity, hydrogen content, 
microstructure parameters, and space charge limited current defect measurements. In 
addition, the effect of substrate temperature on hydrogen content and material microstructure 
was investigated. Both hydrogen content and the microstructure parameter R decreased as 
substrate temperature increased; and when ion bombardment was added to the deposition 
conditions, the microstructure parameter decreased regardless of substrate temperature. 
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CHAPTER 1: INTRODUCTION 
Hydrogenated amorphous silicon is a major component of mass-produced 
photovoltaic devices and is increasingly used in thin-film transistors (TFTs) due to its ability 
to be deposited onto flexible substrates[l]. Industrial demand for low-cost, high-quality 
materials able to be deposited on large area substrates is spurring research into alternatives to 
conventional low growth rate plasma enhanced chemical vapor deposition (PECVD) 
methods, such as hot wire (catalytic) chemical vapor deposition[2-4]. Hot wire CVD films 
with photosensitivity ratios in the 105 range grown at 133 A/sec. have been reported by the 
National Renewable Energy Laboratory (NREL)[5]. This material is inferior compared to 
high quality electron-cyclotron resonance PECVD (ECR-PECVD) material with 106 
photosensitivity, however the HWCVD material deposits much more rapidly than the 1-3 
A/sec. growth rates typical of high quality PECVD material[5]. The high growth rates and 
the superior gas usage[4] obtainable using HWCVD make understanding the growth 
chemistry of the technique very important from and industrial standpoint, as both deposition 
time and raw materials directly contribute to production costs. As researchers understand the 
deposition process better, the technique can be optimized to produce materials of the same or 
better quality than state of the art PECVD materials at a much higher growth rate, and lower 
cost. 
One proposed method for improving the material quality of HWCVD a-Si:H is the 
addition of neutral ion bombardment [ 6, 7]. It is theorized that the energy imparted by 
ionized species helps to break weakly-bonded hydrogen and improve film quality by 
decreasing the content of dihydride bonds, improving the material homogeneity by reducing 
the micro-voids associated with high growth rate processes[7]. This reduced density of 
dihydride bonds decreases the Stabelar-Wronski photo-degradation effect associated with 
current HWCVD materials deposited in excess of ~10 A/sec[5]. A brief investigation of 
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neutral ion bombardment previously showed that hydrogen ion bombardment actually 
increases the material's hydrogen content and perceived photo-degradation, but improves the 
electrical properties[?]. It is clear that the hydrogen ions are incorporated into the growing 
film and therefore if a helium plasma is used then a corresponding increase in electrical 
properties and decrease in photo-degradation should be seen. 
Another factor that affects the hydrogen content and photo-degradation of a-Si:H 
deposited by HWCVD is the substrate temperature. NREL researchers and collaborators 
have shown that hydrogen content decreases with increasing substrate temperature in 
HWCVD materials[5], however the substrate temperature reported is only the initial 
temperature before exposure to the hot filament. If the substrate temperature could be 
isolated from the effects of the hot filament radiation, then a relatively constant substrate 
temperature can be maintained during deposition. With a constant deposition temperature, 
the temperature dependence of the growth chemistry can be examined without the clouding 
effects of increasing temperature during growth. 
The growth process ofHWCVD films is complex, and the basic deposition chemistry 
is still disputed[8,9]. By using a reactor designed to avoid radiant heating of the substrate, 
new insight to the basic growth chemistry of a-Si:H can be gained through this research. The 
addition of remote neutral ion bombardment to HWCVD chemistry will produce films of 
superior quality to those deposited by HWCVD alone, showing that ion bombardment is 
beneficial during film growth. A systematic study of HWCVD parameters such as chamber 
pressure, silane flow rate, substrate temperature, and filament temperature affect material 
growth and properties. After a baseline set of materials grown without plasma ion 
bombardment is examined, helium or hydrogen plasmas will be added to the deposition 
conditions of films showing acceptable properties and compared to assess the benefits of ion 
bombardment. 
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CHAPTER 2: SAMPLE PREPARATION 
Samples were prepared using both hot wire chemical vapor deposition (HWCVD) 
and a novel process using HWCVD and a remote electron-cyclotron resonance (ECR) 
plasma. Each of the these two deposition techniques were performed in the same reactor yet 
have unique deposition chemistries and parameters, as discussed below. 
Hot Wire Chemical Vapor Deposition 
HWCVD is an emerging technology for the deposition of hydrogenated amorphous 
silicon and its group IV alloys[8]. Recent interest in HWCVD \Vas sparked by reports from 
Matsumura, who deposited amorphous silicon using tungsten filaments and silane gas to 
produce electronics grade material[IO]. Matsumura showed that by using the relatively 
simple HWCVD process, he could produce a-Si:H with properties near radio frequency (rt) 
plasma enhanced chemical vapor deposition (rf-PECVD) materials, at growth rates 
approximately 10-20 Alsec[l0]. Also, it has been shown that by using suitable dopant gases, 
nor p type material[l0], a-(Si,Ge):H[l 1], or microcrystalline silicon[12, 13] can be grown by 
HWCVD. These attributes make HWCVD desirable for photovoltaic production because a 
single reactor operating at a high deposition rate can be used for the entire device 
fabrication[ 13]. 
Decomposition Reactions 
HWCVD chemistry begins at the hot filament, generally composed of tungsten (W) 
or tantalum (Ta). The catalytic filament is resistively heated by passing a current through the 
thin wire, and shows an increasing reaction probability with silane as the filament 
temperature (Tm) increases until approximately 1800°C at chamber pressures around 10 
mTorr[l4]. Under these conditions with Tm above 1800°C, the decomposition reaction 
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probability of SiH4 reaches a maximum value as Tm increases. The filament is never used at 
temperatures very near its melting point as filament failure and unintentional doping of the 
silicon may occur, therefore imposing a maximum operating T 61 • 
When operating a HWCVD reactor with Tm in the range between 1800°C and the 
maximum operating temperature, silane undergoes complete thermal decomposition as 
shown in equation 1 below[14]. The silane gas contacts the heated filament and the thermal 
energy transferred to the gas molecule breaks all four hydrogen-silicon bonds producing the 
SiH
4 
(g) + filament<s) ➔ Si<g> + 4H(g) + filament<s> (1) 
reaction shown in equation 1. When the filament temperature is less than 1800°C, the 
reaction at the catalytic filament becomes much more complicated as the release of Si and 
hydrogen from the filament does not occur as readily, and silicides containg silicon and the 
filament material can be formed on the filament[ 14]. 
Gas Phase Reactions 
After the molecular silicon and hydrogen are released from the filament, two distinct 
classes of gas phase reactions occur: radical-silane and radical-radical reactions. Gallagher 
proposes that the main radical-silane reaction responsible for high quality films at typical 
deposition pressures is molecular hydrogen combining with silane to form hydrogen gas and 
SiH3, as shown in equation 2[14]. This explanation is consistent with results from deposition 
H +SiH4 ➔ SiH3 +H2 
Si +SiH4 ➔ Si2H 2 +H2 




Si+ SiH4 ➔ Si2H 4 




studies comparing hydrogen diluted and non-diluted silane gas feeds, where the material 
made from the diluted gases is nearer to the amorphous/microcrystalline phase border, and 
therefore has lower defect densities making it a higher quality material[l 5]. These results 
confirm what one would expect in excess hydrogen, where the reaction of equation 2 
predominates as hydrogen gas thermally dissociates upon contact with the filament as well, 
providing an abundant supply of atomic hydrogen radicals. Other radical-silane reactions 
occur as well, as shown in equations 3 through 6, that can provide undesirable radicals for 
high quality film deposition, such as SiH, SiH2, and SizH4[6,14]. The incorporation of SiH, 
SiH2, and Siz~ into a growing film results in dangling bond defects that are deleterious to 
the electrical properties of the film. When the chamber pressure is high, higher silanes such 
as Si3H6 can be formed when the products of equations 3-6 combine with SiH4. These 
multiple silicon molecules have little surface mobility and lead to the introduction of defects 
if incorporated into the film, or dust formation that wastefully consumes the feed gases[ 14]. 
A parameter used to characterize the reactions for a given reactor setup is the PD 
product, where P is the chamber pressure and D is the distance from the filament to the 
substrate surface[8]. In the work by Molenbroek, et. al.[8], the authors concluded that a PD 
product of 10 to 15 mTorr-cm yielded the highest quality material at high growth rates in a 
HWCVD reactor having a filament to substrate distance of 1-1.5 cm. The PD product 
describes the gas phase reaction progression after thermal dissociation, as the higher the 
product value more reactions can occur in the gas phase between the filament and the 
substrate, and conversely the lower the PD product, the fewer reactive collisions can occur. 
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Surface Reactions 
The third class of reactions in HWCVD processes occur on and just beneath the 
growing film surface where weakly bonded hydrogen and/or silicon are removed or 
rearranged[l6]. In these reactions there has to be enough energy to break the ~3 eV Si-H 
bonds and release excess bonded hydrogen so it can diffuse out of the material and lower the 
overall hydrogen content of the film. In high growth rate processes, such as HWCVD, a high 
substrate temperature provides enough thermal energy to break weak hydrogen bonds and 
produce electronics quality materials with 5-10 at.% hydrogen content. The higher substrate 
temperatures also provide for a higher surface mobility of SiH3 radicals, promoting more 
consistent film growth. 
Electron Cyclotron Resonance Plasmas 
ECR plasmas are ubiquitous in semiconductor manufacturing today, and as a result 
have been described and discussed repeatedly in literature [17-23], and will only briefly be 
discussed here. The ECR condition is predicted by Maxwell's equations and is caused by 
microwave radiation being directed perpendicular to a static magnetic field. This 
arrangement causes electrons to both rotate and move back and forth linearly, producing a 
dense cloud of energetic electrons moving in a vibrating helical trajectory that form ionized 
radicals when they contact gas molecules in the same volume, creating the ECR plasma. In a 
remote plasma system, the ionized radicals are then directed toward the substrate through a 
stream of intrinsic gases such as silane or germane to form reactive species. The plasma 
species can also collide with the growing film surface imparting energy to break bonds such 
as the deleterious dihydride bonds, or rearrange silicon atoms. It is this function of ECR 
plasmas that is sought in this study to improve the film properties at low temperatures. 
When using ECR plasmas to provide ion bombardment during film growth, it is 
imperative to limit the ion energy from 2-5 e V to avoid damaging the film. ECR plasmas 
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allow for the controlling of ion energy that reaches the substrate by controlling microwave 
power, magnetic field strength, and the chamber pressure. The use of low energy ion 
bombardment has been shown to improve photoconductivity in HWCVD prepared films[7], 
and its effects on other aspects of a-Si:H is investigated further in this study. 
Combined ECR-HW CVD Reactor 
For this study, a remote ECR plasma unit was coupled with a HWCVD reactor as 
shown in Fig. I. An ECR plasma and catalyzing filament have been coupled together in a 
previous investigation at Iowa State University[7], however there are some notable 
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Figure 1: Schematic of Combined ECR-HW CVD 
differences between the previous system and the one shown in Fig. 1 above, such as an 
increased filament to substrate distance and a new gas outlet behind the substrate holder. 
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In the reactor system, a 2.45 GHz microwave source and three stub tuner by Sairem 
of France was used to provide the microwave energy for the ECR plasma. The microwave 
power was varied between 65 Wand 100 W, however the settings on the tuner were not 
adjusted during the experiment. The quartz window used to maintain vacuum inside while 
allowing microwaves to enter the deposition chamber was cleaned regularly when using the 
combined ECR-HW CVD deposition process. The cleaning ensured consistent plasma 
conditions from deposition to deposition and reduces heating from microwave absorption by 
the silicon coating on the quartz. 
Two stationary magnets mounted around an 8 in. stainless steel tube supply the 
magnetic field required for the ECR condition to be met, as shown in Fig. I. The magnets 
consist of a large wire coil powered by a DC constant current power supply with adjustable 
output. The ability to adjust the current output enables control of magnetic field that directly 
affects the plasma ion density. 
The gases used during deposition can enter from two areas in the reactor. The silane 
used to supply the Si ultimately incorporated into the growing film enters the reactor near the 
catalytic filament, as shown in Fig. l. Other gases such as He or H2 that become ions in the 
plasma enter through a gas diffusing ring that surrounds the quartz window near the Sairem 
tuner. By segregating the gases, a greater amount of control over ion species and energy can 
be attained that with a single gas injection point. 
The catalytic filament is located in a vacuum cross separated from the plasma 
generation region by a restricting orifice that shapes the plasma into a diverging cone. The 
filament is oriented parallel to the substrate supported by two stainless steel rods each 
threaded into a copper vacuum feed-through. The filament is composed a 40 cm length of 
either tungsten or tantalum wire having a 0.5 mm diameter wound into a helix and spans a 7 
cm distance. The filament to substrate distance of the reactor is non-adjustable and measures 
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10.5 cm, which is considerably longer than most other HWCVD reactors. This large distance 
minimizes substrate heating through radiation. 
A Watlow PID temperature controller connected to an Omega thermocouple mounted 
in a recess machined into the substrate holder control the temperature of the substrate. The 
PID controller supplies power to a 120 V, 600 W Chromalox disc heater mounded outside 
the vacuum on the substrate holder and insulated from the ambient air temperature by silica 
board. The substrate holder itself is mounted at the end of the reactor, as shown in Fig. I. 
The substrate is held firmly against the substrate holder by a stainless steel mask covering the 
entire end of the holder except for a 1 in.2 square. 
The deposition chamber is evacuated by a Pfifer-Balzer turbomolecular pump backed 
by a mechanical backing pump with a continuos N2 purge to prevent toxic gas accumulation 
in the ventilation system. A gate valve directly ahead of the turbomolecular pump controls 
chamber pressure during deposition and a small mechanical pump with a separate into the 
chamber accomplishes chamber roughing. The vacuum system provides a background 
pressure in the order of 1 o-8 Torr while typical deposition pressures are from 100 to 1 mTorr. 
Thin Film Deposition 
Thin film depositions require a high level of care be taken during processing to ensure 
a consistent and high quality result. Over many years of amorphous hydrogenated silicon 
deposition at the MRC, a general procedure has been developed for ECR-PECVD thin film 
growth to ensure repeatability ofresults. When using HWCVD or ECR-HW CVD, an almost 
identical process was followed. 
All substrates were cleaned in a similar manner, whether 7059 Coming glass for 
electrical characterization, polished stainless steel for determining defect density using space 
charge limited current methods, or double side polished silicon wafers for hydrogen content 
and microstructure determination. The substrates are first boiled in acetone for 15 minutes to 
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remove organic compounds, such as waxes and oils that adhere to the materials after 
handling. A 15-minute ultrasonic bath in methanol then removes the traces of acetone from 
the first cleaning step and most other compounds that may still be adhered to the substrate. 
The substrates are then stored in methanol until required for use, and then blown dry with 
nitrogen immediately before installation into the substrate holder and insertion into the 
reactor. 
After the dried substrate is loaded into the reactor system, a series of purges is 
undertaken to remove any moisture that may have entered the system during the brief time it 
was opened to the atmosphere. The purges consist of 10 nitrogen purges that flush any 
oxygen from the system, then ten silane and hydrogen purges that remove moisture, and 
finally five hydrogen purges to rinse the heavy silane molecules out of the system. 
While purging, the substrate temperature is ramped up to fifty degrees beyond the 
deposition conditions, to ensure complete heating of the entire thermal mass associated with 
the substrate holder and mask. After the controller has damped the temperature variations 
and indicates the initial set point as the substrate temperature, the set point is decreased to the 
desired deposition condition. 
As the substrate cools to the correct temperature for deposition, a dummy layer of 
silicon is deposited on all the interior reactor surfaces by ECR PECVD. To ensure that the 
substrate is not coated with this dummy layer, a shutter is mounted on a magnetic linear 
motion feed-through is placed in front of the substrate holder. The dummy layer serves to 
trap any oxygen not removed by purging inside the silicon deposited on the walls and not 
allowing it to become incorporated into the sample. This layer is deposited the under the 
same plasma conditions each time for twenty minutes to reduce systematic statistical error. 
After the dummy layer is complete, the hot wire filament must be cleaned before it 
can be used in HWCVD. Filament cleaning is accomplished by flowing hydrogen at 25 seem 
into the chamber via the intrinsic line and heating the filament to approximately 2200°C for 
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ten minutes. In addition to removing the dummy layer from the filament surface, any 
silicides that formed at the cooler ends of the wire during the previous deposition are also 
removed, improving the films properties, as postulated by Ishibashi[24]. 
After the filament cleaning procedure, the gas flows, plasma conditions, and the 
catalytic filament current to be used during deposition are set and the reactor is allowed to 
come to steady state before the shutter is opened to begin deposition. After the shutter is 
opened and the timer triggered, the reactor conditions are checked periodically during the 
deposition time to ensure consistency. The actual deposition time for each sample varies so 
that a film of~ 1 µm thickness is grown. The deposition is stopped by first closing the 
shutter, and then turning off the catalytic filament and the plasma if necessary. The PID 
controller set point is set to ~30°C and the flowing gases are shut off and all lines purged. 
The chamber is then filled with silane and hydrogen, in approximately equal parts, to a 
pressure of 1 Torr to aid in cooling of the film. After the film is cooled to below 150°C, as 
indicated by the thermocouple, the silane-hydrogen is evacuated and one nitrogen purge 
performed before filling the chamber with nitrogen up to atmospheric pressure for removal of 
the film. 
Contact Deposition 
Electrical measurements were performed on thin films deposited on Coming 7059 
glass and the n-i-n devices deposited on polished stainless steel. For electrical 
characterization of the thin films, coplanar contacts such as the ones shown in Fig. 2a were 
deposited onto the surface of the film. The n-i-n devices had chromium dot contacts 
deposited on their surfaces, much like the ones represented in Fig.2b. 
Both contact types were deposited in the same apparatus consisting of a glass bell jar 
evacuated by a large diffusion pump with cold trap. Inside the bell-jar, chromium rods are 
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resistively heated below a fixed plate with four holes for placing the masked samples over. 








Figure 2: Diagram for mask of coplanar contacts (a) and chromium dot contacts (b) 
The contact deposition process begins by loading the sample with appropriate mask 
placed over the thin film surface. The bell-jar is then roughed out and the cold trap filled 
with liquid nitrogen. After liquid nitrogen has been in the trap for at least 10 minutes, the 
gate valve is opened and cold trap refilled every 5 minutes until the chamber pressure is at or 
below 3x10-6 Torr. Once the desired base pressure is attained, the voltage across the 
chromium rods is gradually increased until the chamber pressure first increases, then 
decreases at 15V, then 18V, and finally 23V. At the final voltage setting, a piezoelectric 
crystal deposition controller is started and 1 00A of chrome is pre-deposited with the shutter 
closed to remove the outer layer on the chrome rods that may be contaminated from 
atmospheric gases. Immediately after the pre-deposition, the thickness monitor is again 
started at the same time as the shutter is opened, and 500A of chromium is deposited. After 
deposition, the sample is removed from the bell-jar and silver paint applied to prevent 
chrome oxidation. The sample is then annealed in a 190°C oven for 1 hour prior to testing. 
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CHAPTER 3: CHARACTERIZATION METHODS 
Several different methods were used to characterize the thin films grown using both 
HWCVD and ECR-HW CVD. Using the methods described later in this chapter, many 
important parameters describing the films suitability for photovoltaic or TFT applications, 
and the performance of the reactor itself, are ascertained. 
UVIVISINIR Spectroscopy 
UV NIS/NIR spectrophotometry is used to determine the film thickness and the 
optical band gap from the absorption coefficient variations with photon energy. The system 
used to obtain the UV NIS/NIR spectra is a split beam apparatus manufactured by Perkin-
Elmer and interfaced to a standard PC. 
Split-beam spectrophotometers generate a single monochromatic light beam that is 
then split by optics into two parallel beams of the same incident power. One of the two 
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Figure 3: Sample plot of spectrophotometer transmission data 
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beams is aimed directly at photo-detector while the other passes through the sample and 
substrate. The difference in transmission is then measured at the photo-detector as the 
difference in the two beam powers. 
The light not transmitted through the sample and collected is either reflected or 
absorbed. The substrate also reflects light, and as a result an interference pattern is observed 
in the transmission vs. wavelength spectra as shown in Fig.3. The interference can be used to 
determine the thickness of the film by comparing the positions of adjacent peaks or valleys as 
in equation 7[25]. 
A1A2 t = ------"'----
2n( A - A) (7) 
For equation 7, n is the refractive index of the film between the two peaks, indicated by 1 1 
and 12, and t is calculated film thickness. 
In addition to the film thickness, the absorption coefficient can be obtained through 
UV NIS/NIR. The absorbance vs. wavelength spectra can be measured using the 
spectrophotometer and by using index of refraction data from literature, a reflection vs. 
wavelength spectra is generated based on equation 8, where n is index of refraction and R is 
reflectance, both of which are function of wavelength. 
I+ ,JR().,) 
n().,)--'----
- I-,JR().,) (8) 
The absorption coefficient is then calculated using the film thickness and both absorption and 
reflection as functions of wavelength, as shown in equation 9[25]. 
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2.303·A(l)-ln[ l ] 
a(l) = 1-R(l) 
t 
(9) 
Once the absorption coefficient is know for a range wavelengths, the material's band 
gap can be estimated. The optical gap can be approximated as the energy where the 
absorption coefficient is equal to 104, known as the Eo4 energy. This is a simple method of 
estimating the band gap of the material as its determination is made graphically from a plot 
of the absorption coefficient a. vs. photon energy, such as Fig.4. 
Alpha vs. Energy Plot for 3/1160 
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Figure 4: Sample plot of a. vs. photon energy to determine the Eo4 energy 
The band gap of the material can also estimated using Tauc's expression, shown in 
equation 10, which describes the absorption that occurs at photon energies above the Eo4 
energy. The Erauc energy can be determined by plotting (a.()..)·Eph) 112 vs. photon energy (Eph), 
then finding the intercept of that line with the x-axis. 
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(10) 
These two approximations for the material's band gap should agree such that Erauc is ~.15 eV 
less than Eo4 for hydrogenated amorphous silicon. It is important to measure band gap as 
deposition parameters change because it gives an indication to both the degree of crystallinity 
of the material and the amount of hydrogen incorporated into the film. 
Pltotosensitivity and µr Product 
Determining the suitability of a-Si:H thin films for electronic applications begins by 
examining the conductivity of the material under illumination and comparing it to the 
material's conductivity under dark conditions. This comparison of conductivity is known as 
the photosensitivity of the material and is a general indication to the quality of the material as 
typical a-Si:H has a photosensitivity of~ 105, x-Si:H is~ 103, and crystalline material should 
be ~ 1. Also, a large increase in the absolute conductivity of the material should be seen as 
the crystallinity increase from amorphous to single crystal material. 
The light and dark conductivity measurements are performed in a apparatus 
consisting of a large aluminum heat sink with a fan blowing air across its surface where the 
film is placed. Two spring-loaded probes are then placed on the metallic contacts described 
in the contact deposition section. These probes are connected to a Keithly 617 electrometer 
and a Keithly 230 voltage source to supply a 1 00V bias between the two coplanar contacts 
and measure the small resulting current. Steel panels and a sliding aluminum door enclose 
the sample and heat sink to prevent unwanted light from being incident upon the film during 
the dark conductivity measurement. The photo current is measured by turning on a quartz 
lamp directly above the sample that has a calibrated aperture between itself and sample so 
that 100mW/cm2 is incident upon the sample. 
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The conductivity is calculated as shown in equation 11 by multiplying the width 
between the coplanar contacts (W) with the current measured (I) during the test. This 
WI 
LVt 
product is then divided by the product of the contact length, applied voltage, and the film 
thickness. For these experiments, the ratio of L/W was 20. 
(11) 
By inserting both color and neutral density filters into the beam path and illuminating 
the sample with a narrow bandwidth spectrum of light, it is possible to determine the product 
of carrier mobility and carrier lifetime (µr product). This parameter lends insight to the 
quality of the film as defect states affect carrier lifetime, and an abundance of hydrogen will 
decrease the carrier mobility in the material. Since conductivity in a semiconductor is a 
function of carrier generation rate and both electron and hole mobility and lifetime as shown 
in equation 12, it is necessary to know the exact number of incident photons and which 
carrier dominates transport in the sample. For a-Si:H, µn'tn >>µp-rp in genreral, so the µp'tp 
(12) 
term can be neglected. Also, by applying the reflection and absorption data of the film at the 
selected filter wavelength, the number of incident photons can be determined. By measuring 
the current across the contacts under illumination by the filtered light, the conductivity of the 
material is calculated and an approximate value for µn'tn is calculated. 
Infrared Spectroscopy and Hydrogen Content 
Another method used to describe the quality of a-Si:H thin films is IR spectrometry. 
The infrared spectrum of hydrogenated amorphous silicon can be used to determine the 
18 
hydrogen content of the film and the microstructure parameter R[26]. The hydrogen content 
of a-Si:H is an important parameter because excess hydrogen reduces the conductivity of the 
material and is associated with Stabelar-Wronski degradation[27]. The microstructure 
parameter R, as defined in equation 13[26], indicates the relative amount of dihydride 
bonding in the material that is strongly associated with S-W photo-degradation. 
(13) 
Infrared spectroscopy requires deposition of the subject material on a silicon wafer 
that has had both sides polished to avoid scattering problems. After the material is deposited, 
it is placed in the IR spectrometer with a background sample of wafer. The spectrometer 
then measures the mid-IR spectral absorbance of the background and sample at a 4 nm 
resolution from 4000 to 1400 wavenumbers (2500 to 7143 nm) and produces a smoothed 
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Figure 5: FTIR spectra of a-Si:H deposited by HWCVD 
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To determine the hydrogen content of the film, the region of the spectra from 500cm-1 
to 800 cm-1 is examined, and a gaussian peak fitted to the 640cm-1 peak. The area of the 
relative absorbance peak at 640 cm-1, which is due to SiH, SiH2, and SiH3 wagging modes, is 
then multiplied by a conversion factor to determine the atomic hydrogen percent of the 
material, as shown in equation 14(28], where CH is the hydrogen fraction in atomic percent, 
A640 is the area of the relative absorbance peak at 640 cm-1, and tis the film thickness. 
CH = 1.125- A64o 
t 
(14) 
The microstructure parameter R is calculated from equation 13, however the peaks 














,.' \. \ 
--Absorbance Scan 
- - - SiH Stretch 
- - SiH2 Stretch 
SiH area = 15.94 
SiH2 area = 4.856 
R = 0.236 
'· ...... , ____ ......._ ____ _ 
0.49 '"-----------------------.--------
2400 2300 2200 2100 2000 
Wavenumber (1/em) 
1900 1800 1700 1600 
Figure 6: Sample spectral deconvolution for microstructure parameter determination 
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and each peak a modeled by gaussian curve to determine the fraction. Origin, a computer 
data analysis package, was used to determine the areas of the peaks while compensating for 
the varying spectrum baseline. Figure 6 shows an example of a deconvoluted spectrum used 
to quantify the peak areas for the SiH and SiH2 peaks and give 95% confidence limits that 
were used to calculate the error limits to the measurement. 
Activation Energy 
The conductivity of a semiconductor is proportional to the number of carriers 
available to transport charge from one reservoir to another, such as from one ohmic contact 
to another located some distance away. Since the intrinsic concentration of carriers is 
dependent upon temperature, as is the number of ionized impurities in a doped material, 
current should vary with the material temperature according to an Arrhenius relationship. 
Using the definition of conductivity and the drift equation, it is easy to relate the current of a 
semiconductor under steady bias to temperature though equation 15, where EA is activation 
energy, k8 is Boltzman's constant, Tis the temperature in Kelvin, and 10 the baseline current. 
(15) 
For amorphous, lightly doped semiconductors, the vast majority of electrons will be 
located in states at or below the Fermi energy and since it is these carriers that need to be 
energized into the conduction band for current to flow, EA is a measure of the location of the 
Fermi energy in these materials. 
When measuring this parameter, the sample is placed on a heated aluminum block 
and a spring-loaded contact is placed on each side of the coplanar contacts described earlier. 
The sample is then sealed in a light impervious box and heated to ~ 200°C and then a 1 OOV 
bias applies. Current measurements are taken from 200°C to 130°C in 10 degree increments 
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and then ln(I/I0) is plotted vs. 1/T. This plot is then fit with a linear regression and the slope 
of that line multiplied by k8 to determine the activation energy. High quality a-Si:H 
materials typically exhibit activation energies approximately 0.9 eV. 
Sub-Band Gap Absorption 
As the name implies, the sub-gap absorption measurement in amorphous 
semiconductors evaluates the absorption of low energy photons whose energy is below that 
of the optical gap of the semiconductor. This measurement relies on the dual-beam 
photoconductivity technique developed by Wronski et. al.[29], where a strong DC beam is 
used to fix the quasi-Fermi levels of the material, keeping available states in the mid-gap 
region filled with photo-generated carriers. The second beam is an AC beam fixed at 13.5 











Figure 7: Dual-beam photoconductivity apparatus used for sub-band gap absorption 
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equipment. The beam from the light source is then modified by diffraction grating in a 
monochrometer to produce a narrow wavelength spectrum that is then aimed at the film 
between the coplanar contacts to supply additional carriers and increase the material's 
conductivity. The AC beam, after passing through the monochrometer and chopper, passes 
through a series of high pass filters to reduce the harmonic frequencies associated with the 
beam exiting the monochrometer, and to prevent low-wavelength light from reaching the 
sample until it is desired. The wavelengths used for typical a-Si:H characterization varies 
from 1300 nm to 600 nm, and filters with roll-off frequencies of 700 nm, 900 run, and 1220 
nm are used. A schematic of the device used in the dual-beam photoconductivity technique 
is shown as Fig. 7. 
In addition to the generation, diffraction, and filtering to the AC light beam, it is 
collimated through lenses and focused onto the sample by a mirror. The care taken to ensure 
the quality of this AC beam is critical, as the additional current generated by it is measured 
with a lock-in amplifier to determine the absorption coefficient as a function of photon 
wavelength. From this absorption coefficient data, another parameter known as the Urbach 
energy (Eov) can be determined, as shown in equation 16, where Eg is the band-gap, h is 
Planck's constant and v the wavelength. 
(16) 
The Eov value of a sample is an important characterization parameter as it has been 
shown to be a function of the material's defect density[30]. The Urbach energy is used as an 
indication of material quality, as values less than or equal to 50 me V result from higher 
quality films. 
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Space Charge Limited Current Defect Measurement 
Another method for estimating the defect density of a-Si:H is the space-charge-
limited current method described by den Boer[31 ]. In this method, an +-i-n + device is used, 
where the n + -layers were fabricated using rf-glow discharge and the i-layer by HWCVD or 
ECR-HW CVD. The devices had the chromium dot contacts deposited on the film surface to 
define the device area and were deposited n stainless steel. The devices were then placed on 
a heated surface and placed in a light-tight box \vhere they were subject to a bias voltage 
through the device. This voltage was then varied over the range from OV to 1.9V, 
corresponding to the width of the band gap. At each voltage point, the current flowing 
through the device is measured, then the data is used to calculate the trap density of states as 
a function of energy, as shown in equation 17, where N, is the trap density, L1 Vis the voltage 
N (E) ~ 2&/1V 
' t2M q f 
(17) 
differential between two measured points, t the i-layer thickness, and q the charge of one 
electron. The parameter L1EF is defied in equation 18, where ks is Boltzman's constant, and 
!1E = k T · In( J 2 ~ J 
I B JV 
I 2 
(18) 
Jx and Vx are the current and voltage of a measured point, respectively. By applying the data 
to these two equations, it is possible to determine the trap density at the Fermi energy, where 
defect states can greatly decrease the transport characteristics of the material. In general, 
materials with a lower SCLC defect density are better suited for photovoltaic applications. 
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Substrate Temperature Characterization 
The actual temperature of a substrate inserted into the deposition chamber is less than 
the temperature measured by the thermocouple recessed into the stainless steel of the 
substrate holder. To correlate material properties with actual deposition temperatures, this 
temperature differential must be calibrated. The calibration process becomes difficult, 
however, when the effects of flowing gas and a radiant heat source in the vacuum chamber 
are considered. 
The substrate heater calibration was accomplished by using an Omega 50 mil. tubular 
thermocouple on the inside of the reaction chamber connected to a vacuum feed-through that 
allowed monitoring by a hand-held Omega display unit. To calibrate the substrate 
temperature for Coming 7059 glass, the thermocouple was wound into an increasing radius 
coil that was attached with thermal cement to the substrate surface at the point where the film 
would normally grow. The substrate was attached with the appropriate mask to the heater 
unit. The stainless steel substrates were calibrated by cutting a narrow recess into the side of 
a 1/16 in. SS plate to allow the thermocouple to exit the mask from underneath without being 
pinched. A stainless steel substrate was then placed over the coiled thermocouple routed 
through the recess, and the entire assembly secured by the appropriate mask. 
The process involved in calibrating the substrate temperature was designed to 
minimize systematic error. Different temperature set points were chosen, varying from 
450°C to 200°C, and then evaluated in random order for each substrate type. Each 
temperature set point was evaluated by comparing the controller indicated temperature with 
the substrate at differing pressures of SiH4 and H2 gasses, both with the catalyzing filament at 
2200°C and at the ambient temperature of the deposition chamber. 
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CHAPTER 4: RESULTS AND DISCUSSION 
The ECR-HWCVD reactor discussed earlier uses a very large filament to substrate 
distance, even larger than in previous work performed here[?]. Therefore, the hot-wire 
deposition characteristics of the reactor need to be evaluated to determine a baseline in order 
to evaluate any improvements resulting from the addition of the ECR plasma. 
HWCVD Characterization 
It has been shown that filament temperatures over 2000°C are most effective for 
deposition of high quality a-Si:H in HWCVD reactors where the filament to substrate 
distance is large[?]. Tantalum filaments at ~2200°C produced films with properties 
comparable to literature[7.10] using only HWCVD, and therefore used for the comparison of 
HW-ECR to HWCVD. Tungsten filaments were also examined, but were not used for 
comparison. 
Silane flow rate has a dramatic effect on the deposition rate in HWCVD[32], so the 
highest possible flow rate should be used to maximize growth rates. Silane flow rates of 16 
seem were used for comparison purposes as higher flow rates caused poor film qualities and 
excessive amounts of dust in the deposition chamber. 
In addition to the filament temperature and material, the filament's surface area also 
affects the HWCVD deposition rate. Table 1 shows an unambiguous increase in deposition 
rate with increased filament surface area. The tungsten filaments were heated to ~2000°C 
while the tantalum filaments were heated to ~2200°C for these depositions, however for all 
entries in Table 1, the silane flow rate was 13.5 seem and chamber pressure 10 mTorr. A 
baseline for further HWCVD and ECR-HW CVD study was determined from these results 
and all further depositions used Ta filaments at 2200°C with surface areas of~6.3cm2• 
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Table 1: Surface Area vs. Deposition Rate for Ta and W Filaments 
Filament Material Surface Area (cm2) Dep. Rate (A/sec) 
w 3.0 4.1 
w 4.7 4.4 
w 6.3 6.9 
Ta 3.0 5.6 
Ta 6.3 9.6 
Another factor that greatly affects the growth rate of a-Si:H by HWCVD is the 
chamber pressure. Previously, it has been suggested that increased chamber pressure 
increases the deposition rate as a result of increased filament residence time[7,33]. Chamber 
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Figure 8: Results from HWCVD characterization depositions 
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pressure also reduces the mean free path that ions can travel before a reactive collision 
occurs, and therefor as the filament to substrate distance increases, chamber pressure can 
only increase so much until gas phase solidification reactions occur producing dust. Data 
shown in Fig. 8, is inconclusive due to the error associated with the growth rate 
measurements. 
The maximum growth rate before electronic property degradation was attained at a 
PD product of 150 mTorr-cm, which agrees well with work done by Paul Seberger [7] where 
highest growth rates for high quality materials were attained at PD= 160 mTorr-cm. The 
results in Fig. 8 do not support or refute the Molenbroek model where a constant increase in 
growth rate proportional to the square root of chamber pressure is shown[8]. The major 
differences in the reactor systems used for each deposition trial lies in their filament to 
substrate distance (Lrs), as in Molenbroek' s reactor Lrs was 1.1 to 1.5 cm, in Se berger' s 
reactor Lrs was 8 cm, and in the reactor used in these experiments, Lrs is 10.5 cm. The onset 
of the decline in electronic properties appears to occur at lower pressures as Lrs increases, 
which supports the theory that the rate of gas phase solidification reactions occurring before 
deposition increases with chamber pressure, decreasing the available SiH3 radicals for quality 
film growth. 
The ability to grow amorphous hydrogenated silicon quickly is very advantageous to 
industry, however that material needs to have properties that are acceptable for use in 
electronics. The substrate temperature that the material is grown at plays a major role in 
reducing the material's defect density, as shown in Table 2[34]. All measures of film quality 
in this table are for samples prepared at equal pressures and filament temperatures, varying 
only in the substrate temperature. The examples used in Table 2 show how increased 
substrate temperature is required to obtain reasonable electronic properties from HWCVD 
when large Lrs values are used. Literature reports similar electronic properties for materials 
grown at lower temperatures in reactors with smaller Lrs values[l0-13], and radiation from 
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Table 2: Comparison of films grown by HWCVD at different substrate temperatures 
Substrate Temperature 222°c 299°c 
Urbach Energy >60 meV 46meV 
a(l.2 eV) ~10cm·' <1 cm·' 
Microstructure R 0.23 0.11 
CTphoto (AM 1.5 ) 9 x 10-6 Siem 1.2 x 104 Siem 
EF Defects (llcm3·eV) 5 X 1016 1 X 1016 
the hot filament appears to play a dramatic role in this discrepancy, as long Lrs vales limit the 
amount of substrate heating due to filament radiation. 
Neutral Ion Bombardment Effects 
The HWCVD system used for this work produces material comparable to other 
research groups exploring this deposition technology, as evidenced by Table 2. Neutral ion 
bombardment during growth is a new area of research into the growth mechanisms of a-Si:H, 
and has not been studied at length, so this method of deposition for a-Si:H was characterized 
to study the effect of adding an ECR plasma to the mix of variables associated with 
HWCVD. 
To ensure that the plasma used in the deposition studies was remote, a plasma was 
ignited using a 1: 1 He:SiH4 gas ratio and 1 00W of incident power. The shutter was then 
opened without a hot filament present and a film and allowed to deposit on the substrate. 
The growth rate associated with this ECR-only deposition was 0.2Alsec, or approximately 
10% of the growth rate when the hot filament is on under otherwise identical conditions[34]. 
Therefore, ECR-PECVD is not a dominant mode of deposition for this reactor configuration. 
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The effect of the plasma power and the helium to silane feed gas ratio was studied to 
determine which is most important in depositing a high quality a-Si:H film. Figure 9 shows 
the photosensitivity of the material increasing with increased plasma power as more energetic 
ions reach the film surface. The energy of the ions reaching the film surface during 
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Figure 9: Photosensitivity of films as functions of He:SiH4 ratio and plasma power 
deposition is estimated to be ~10eV[34], and this energy is more than adequate to break Si-H 
bonds of ~3eV. More ECR-HW films were grown using He:SiH4 of 1: l and 100 W plasmas 
to compare with HWCVD material deposited at the same temperature. 
Table 3 shows a comparison of materials grown at a substrate temperature of 222°C. 
The ECR-HW material is reminiscent of the HWCVD material grown at 299°C, with the low 
Urbach energy and subgap alpha values. The ion bombardment provided by the plasma 
provides adequate energy to aid in surface diffusion and hydrogen abstraction, as shown by 
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Table 3: Materials grown by different methods at a substrate temperature of 222°C 
Deposition Technique Hot wire CVD ECR-HWCVD 
Deposition Rate 7.9 A/sec 3.1 A/sec 
Photosensitivity 3.67 X 103 1.1 X 105 
Eo4 energy l.91eV 1.92 eV 
Urbach Energy >60mEV 46meV 
a(l.2 eV) ~ 10 cm-1 1 cm-1 
the results of Table 3. The added film quality, however, is obtained at the cost of a reduced 
deposition rate, as the growth rate of the HWCVD material is 2.5 times that of the ECR-HW 
CVD film. This trade-off has been shown before [7]. The growth rate of the HW-ECR 
material is still greater than typical PECVD material possessing similar properties, however. 
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Figure 10: Mobility-lifetime product comparison 
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Mobility-lifetime products are shown to be comparable in the HWCVD and ECR-
HW CVD material. Both materials show a decrease in µ1: products as shown in Fig. 10, with 
HWCVD material exhibiting lower values than the ion-bombarded material. The increased 
mobility-lifetime products for ECR-HW CVD suggest that the material subjected to ion 
bombardment has better carrier transport properties and would be better suited for 
photovoltaic devices. 
Activation energy results show the location of the Fermi energy within the mobility 
gap of the material. Figure 11 shows a comparison ofHWCVD to ECR-HWCVD material 
that displays a curious trend. In general, high quality, lightly n-type a-Si:H display EA values 
of ~0.75 eV to 0.8 eV, however the low substrate temperature HWCVD material has 
extremely high activation energy values that are predicted for perfect, undoped a-Si:H. 
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Figure 11: Activation energy results showing the effects of ion bombardment 
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The answer to the discrepancy lies in the Urbach energies corresponding to the samples 
producing the high EA results. For example, Eov for sample producing EA= 0.95 eV is ~84 
meV, a very high value, which denotes an abundance of valence band tail states This 
overabundance of valence band tails provides a huge defect state sink where electrons reside, 
effectively lowering the Fermi energy level and increasing the EA result. With this fact in 
mind, it is easy to see how ion bombardment provides great improvment to the film quality 
of material grown by HWCVD at low substrate temperatures. 
The hydrogen content of a-Si:H is of great importance for photovoltaic applications 
as high hydrogen content material often exhibits increased photo-degradation. Helium 
plasma bombardment shows no decrease in overall hydrogen content of the film, as shown 
by Fig. 12. The lack of reduction in hydrogen content for ion bombardment during growth 

























Figure 12: Comparison of hydrogen content of a-Si:H for different growth techniques 
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bound to silicon. However, when one examines the results of Fig. 13, it is obvious that the 
helium ions do have enough energy to break the weaker SiH2 bonds associated with the 
Staeblar-Wronski effect. The difference between the microstructure fraction of the HW and 
ECR-HW materials is significant and reflects very well the data from the Urbach energy, 
subgap absorption, mobility lifetime products, and photosensitivity. 
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Substrate Temperature Calibration and Filament Radiation Effects 
The heat transfer problem associated with a substrate loaded into our ECR-HW CVD 
reactor is very complex, as the chamber itself is under vacuum, severely limiting convective 
heat transfer, the substrate is mounted directly to a highly thermally conductive stainless steel 
holder, and the substrate subject to a radiant heat source located 10.5 cm away. To ascertain 
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the actual temperature of the substrate during film growth, a calibration process was carried 
out as described previously. 
Standard 7059 Coming glass substrates and thin polished stainless steel substrates 
have drastically different thermal conductivity, so each was treated individually. The glass 
substrates were examined first and show a large difference in actual substrate temperature 
from the indicated substrate temperature as shown in Fig. 14. The stainless steel substrate 
results are shown as Fig. 15. Due to the conductivity of the materials, the 7059 exhibits a 
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Figure 14: Substrate temperature offset for 7059 Coming substrates 
much larger difference between the set point temperature and the actual temperature of the 
substrate surface than the stainless steel substrates do, even with the filament at ~2200°C. 
The results of these measurements provide the data from which a calibration chart, show as 
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Temperature Difference vs Setpoint Temperature for 
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Figure 15: Substrate temperature offset for polished stainless steel substrates 
Fig. 16, was constructed. This calibration chart is used to relate the set point temperature for 
each substrate type to the corresponding substrate temperature, and those temperatures are 
the values referenced here. 
In addition to knowing the actual temperature of the substrate during deposition, the 
temperature increase due to filament radiation was also determined as part of the calibration 
process. It is shown in Fig 1 7 that temperature increases due to radiation increase as the set 
point temperature decreases, presumably because the controller is more able to compensate 
for the temperature increase when the set point is larger and when the substrate has a higher 
thermal conductivity. The net result is that even at 10.5 cm away, the substrate can heat up 
to 40°C beyond the calibrated temperature without filament radiation. 
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Change in Tsub due to Filament Radiation vs Setpoint 
Temperature at 60 % SiH4 flow 
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Figure 17: Temperature increase at substrate due to filament radiation 
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CHAPTER 5: CONCLUSIONS 
HWCVD Characterization 
High quality a-Si:H materials were grown using the MRC's ECR-HW CVD reactor 
without ion bombardment to serve as a basis for comparison to other HWCVD films and to 
ECR-HW films. Material with good electronic properties was only attained with increased 
substrate temperature compared to the values indicated by other researchers, prompting the 
investigation into the temperature increase due to radiation from the hot filament. The 
increased Tsub required for high quality material at high growth rates in this reactor implies 
that high-growth rate materials require more energy for the removal of excess hydrogen or 
else it becomes "buried" within the growing material[34]. 
The highest growth rate attained with 16.5 seem silane flow was 9.6 A/sec, slower 
than the highest growth materials, however still~ 10 time faster than typical PECVD. The 
reactor uses a much larger Lrd than other HWCVD reactors which is the primary reason for 
the slowed deposition. In addition, it was seen that the surface area of the catalytic filament 
plays a large role in growth rate, as it should, because the greater the area of catalyst, the 
more probable a collision with that surface is, creating more reactive radicals and thus 
improving growth rate. The highest growth rate observed with this system was at 160 
mTorr-cm, which contradicts Molenbroek's model[8] that supports increasing growth rate 
with pressure. 
Neutral Ion Bombardment Effects 
The addition of neutral ion bombardment to HWCVD improves the electronic 
properties of the a-Si:H produced. Materials of device-quality can be produced at 
substantially lower temperatures than with HWCVD alone due to the hydrogen removal 
effect of the ions. Ion bombardment dramatically reduces the microstructure parameter R, 
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especially at lower temperature depositions, without dramatically affecting overall hydrogen 
content of the film. The addition of ion bombardment also shows a marked improvement in 
Urbach energy, subgap absorption, activation energy, and mid-gap defect densities, all of 
which indicate materials with improved properties for photovoltaic devices. 
Substrate Temperature Calibration and Filament Radiation Effects 
Every material grown by HWCVD or and adaptation thereof is heated by radiation 
from the catalytic filament, even at extremely large Lrs values, such as the MRC reactor. At 
10.5 cm, a 40°C increase in temperature over the calibrated substrate temperature with a non-
powered filament is observed on glass substrates, which indicates that other reactor systems 
with Lrs ~5 to 10 times smaller will endure much higher radiation effects and therefore 
questions the some substrate temperature values quoted in literature. 
Future Research Directions 
Since this research has shown the benefits of adding ion bombardment to hot-wire 
CVD, other materials should be grown using this method to ascertain its value with growing 
material such as a-Ge:H and a-(Si,Ge):H that require lower substrate temperatures to prevent 
the loss of hydrogen from the Ge molecules. ECR-HW CVD improves low temperature 
HWCVD deposition, and perhaps high growth rate germanium-containing material can be 
grown at higher rates than PECVD and of higher quality than conventional HWCVD 
systems. 
A better understanding of the deposition chemistry ofHWCVD and ECR-HW CVD 
can be obtained by using in-situ diagnostics, such as optical emission spectroscopy (OES) 
and mass spectroscopy measurements conducted at Lrs away from the filament to determine 
the actual of radicals that impinge upon the growing film surface. These measurements 
could lead to an improved picture of the actual surface chemistry of the growing material. 
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Growth rate improvements to the current deposition system with ECR plasmsa 
bombardment could make the technology more viable for commercial use as the high gas use 
efficiency of hot wire and the improved film quality associated with ion bombardment could 
be combined to produce material efficiently for photovoltaic and thin-film transistor 
production. As shown in this work, increased filament area dramatically improves the 
deposition rate, and even larger filament surface areas could improve deposition rate. 
HWCVD continues to garner interest in the TFT and PV communities due to its high 
growth rates and the reasonable electronic properties of the material it produces. Continued 
research into the ECR-HW CVD process could yield a breakthrough in a-Si:H deposition 
efficiency, providing low cost displays and solar cells in the years to come. 
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